Abstract: A high power factor and low lattice thermal conductivity are two essential ingredients of highly efficient thermoelectric materials. Although monolayers of transition metal dichalcogenides possess high power factors, high lattice thermal conductivities significantly impede their practical applications. Our first-principles calculations show that these two ingredients are well fulfilled in the recently synthesized Pd2Se3 monolayer, whose crystal structure is composed of [Se2] 2− dimers, Se
T hermoelectric (TE) materials enable an environmentally friendly solution for direct and reversible conversion between heat and electricity. This two-way process has found increasing technological applications, such as solid-state refrigerators, 1 flat-panel solar thermoelectric generators, 2 space power, and recovery of waste heat. 1 Nevertheless, for a widespread use of TE materials, their efficiencies need to be significantly improved. 3 The efficiency of TE materials is indexed by the dimensionless figure of merit zT = S 2 σ T /(κe + κL), where σ is electrical conductivity, S is thermopower or Seebeck coefficient, T is absolute temperature, κe and κL are respectively electrical and lattice thermal conductivities; S 2 σ is usually called powerfactor (PF). An effective approach to improve zT is to reduce κL, either by searching for materials with intrinsically strong anharmonicity, or by enhancing phonon scattering by phonon engineering, 4 e.g., nanostructuring. [5] [6] [7] [8] Likewise, another strategy is to enhance the PF by band structure engineering [9] [10] [11] or finding a material with a desirable electronic structure, such as small band effective mass and high valley degeneracy, 9 or the flat-and-dispersive band structure 12, 13 (or pudding-mold band). [12] [13] [14] [15] [16] In general, improving the electronic part (i.e., S, κe, and σ) is challenging: S and σ are generaly inversely related 17 and κe is proportional to σ (Wiedemann-Franz law). Therefore, improving the PF requires the tuning of three conflicting parameters, making the optimization of zT an extremely difficult task.
Alternatively, early theoretical work by Dresselhaus et al. [18] [19] [20] and subsequent experimental work [21] [22] [23] [24] [25] [26] suggest that reducing the dimensionality of materials could significantly enhance zT . The quantum confinement effect in low dimensional materials significantly increases the density of electronic states, thus increasing PF, and their interfaces/surfaces can effectively scatter heat carrying phonons and thus suppressing κL. In fact, a simultaneous increase of S and reduction of κL has been observed in one-dimensional semiconducting materials (Bi2Te3 nanowires 24 ) and many two-dimensional (2D) semiconductors, such as phosphorene monolayers, 25 silicene, 26 and germanene.
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In this context, transition-metal chalcogenide monolayers with nonzero band gaps have been intensively studied as promising candidates for 2D TE applications. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In particular, transition-metal dichalcogenides (TMDCs) have been the focus of recent studies due to their large S. [30] [31] [32] A previous study 30 found a remarkable enhancement of S in MoS2 monolayers (30 mVK −1 ) relative to the bulk phase (∼ 7 mVK −1 ). Despite improving S, a sizable zT has not been yet realized in TMDCs owing to their high κL [27] [28] [29] 44 rooted in the covalent nature of bond between transition metal and chalcogenide atoms. 45, 46 The calculated κL of MoS2, MoSe2 and WSe2, based on density functional theory (DFT), at 300 K are respectively 140, 80 and 40 Wm is also not common among 2D materials, Pd2Se3 monolayers are expected to have a low κL. Moreover, the presence of pudding-mold type band structure 12-15 could lead to a high PF in the Pd2Se3 monolayer.
In this work, we use first-principles DFT band structure, anharmonic phonon calculations, and Boltzmann transport theory, 51 to provide a comprehensive study on the electronic and phonon transport properties of the Pd2Se3 monolayer. Our results show that Pd2Se3 monolayers have much lower κL and higher PF than all the previously reported transitionmetal dichalcogenides 28 and trichalcogenides, 43 and thus possesses an overall better TE performance.
All the DFT calculations were performed using the projector-augmented wave (PAW) method 52, 53 as implemented in the Vienna Ab-initio Simulation Package (VASP). 54, 55 A plane wave basis set with energy cutoff of 350 eV and the generalized gradient approximation of Perdew-Burke-Ernzerhof (PBE) 56 to the exchangecorrelation functional were used. A 12 × 12 × 1 k-mesh is used to sample the first Brillouin zone. All structures were fully relaxed with respect to lattice vectors and atomic positions until the forces on each atom are less than 0.1 meV A −1 . We found that the spin-orbit coupling (SOC) does not alter the dispersion of energy levels close to the Fermi level (see Figure S3 ) and therefore SOC was not included in our calculations. Electrical transport properties, i.e., S, σ and κe, were calculated using the Boltzmann transport theory within the constant relaxation time approximation as implemented in BoltzTrap. 57 The reciprocal space was sampled with a dense k-grid of 38 × 38 × 1, to enable accurate Fourier interpolation of the Kohn-Sham eigenvalues. The κe was calculated using the Wiedemann-Franz law (κe = LσT ) with L = 2.45 × 10 −8 WΩK −2 . Using the ShengBTE code,
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the κL is computed by solving the Boltzmann transport equation of phonons with the second-and third-order interatomic force constants (IFCs) as input. The second-order IFCs were calculated by the Phonopy code 61 using a 6×6×1 supercell with 2 × 2 × 1 k-point sampling. A 3 × 3 × 1 supercell with 4 × 4 × 1 k-point sampling was used to obtain third-order IFCs uing ShengBTE code.
58-60 A well-converged q-mesh (30 × 30 × 1) was used to calculate κL and related phonon properties.
Experimentally, Pd2Se3 monolayers have been synthesized by interlayer fusion of two defective PdSe2 layers. 50 The monolayer is stable when exposed to air and at elevated temperatures. 50 Its crystal structure has an inversion center with the point group of D 2h (mmm) and DFT calculated lattice parameters are 6.12 and 5.95Å. As shown in Figure 1 Figure 1 .
Slack's theory 63 reveals that four factors lead to low κL: i) complex crystal structure, ii) high average mass, iii) weak interatomic bonding, and iv) anharmonicity. As will be discussed later, the complex crystal structure of Pd2Se3 features all those key characteristics, in particular, a strong anharmonicity stemming from the [Se2]
2− dimer. 2− dimer acts like a heavy atom participating in low-frequency vibration modes.
The κL for each direction (i.e., a-and b-axes) is proportional to the square of the phonon group velocity along the respective direction. 65 The phonon group velocities of Pd2Se3 for the out-of-plane acoustic (ZA), transverse acoustic (TA), and longitudinal acoustic (LA) modes in the longwavelength limit are listed in Table 1 . The sound velocities of Pd2Se3 for all the acoustic branches are lower than those of MoS2 and TiS3, 43 suggesting a lower κL in the Pd2Se3 monolayer. On the other hand, the avoided crossing between the optical and acoustic modes is clearly seen in duces acoustic mode velocities, and thus leads to the low κL.
For the quantitative description of κL, we use firstprinciples calculations in conjunction with the self-consistent iterative solution of the Boltzmann transport equation (BTE) for phonons as implemented in ShengBTE. 58 The calculated κL as a function of temperature along the a-and b−directions are shown in Figure 2 Figure 3 (a) and (b) we show the scattering rates associated with these low-lying phonon modes from three-phonon interactions, namely, the absorption (Γ + : λ + λ → λ ) and emission (Γ − :λ → λ + λ ) processes. Different colors in the scattering rates plot show the scattering magnitude of the first phonon mode (λ) induced by the second phonon mode (λ ). In the absorption process, a lowfrequency phonon mode contributes to other low-frequency phonon modes, giving rise to a high-frequency optical mode. In the emission process, the phonon mode is only allowed to decompose into a lower-frequency mode, thus restricting the second phonon mode (λ ) in the right lower triangle. Both processes satisfy energy and crystal-momentum conservation. Figure 3 (a) shows the strong scattering of acoustic modes through combination with low-lying optical modes (ω ≈ 40 cm −1 ), which is near the avoided crossing, consisting with high scattering rates due to avoided crossing bands. Phonon modes with frequencies ranging from 40 to 70 cm −2 , as shown in Figure 3 (a) and (b), are heavily scattered in both absorption and emission processes, indicating that the presence of low-lying optical modes significantly enhances overall phonon scattering rates.
To specify the role of each atom in the observed low κL, we calculate the atom projected κL, as shown in Figure S9 in Supplementary Materials. [Se2]
2− dimers and Pd 2+ cation are largely responsible (90% in total) for heat transport in the Pd2Se3 monolayer, whereas the contribution of Se 2− is negligible. We also calculate the norm of third-order IFCs defined as Φ mnl = ∂ 3 E ∂um∂un∂u l (E and u are the total energy and atom displacement for different atom species m, n, and l). Since the phonon scattering rates are roughly proportional to |Φ| 2 , 58,66 a high absolute value of Φ mnl suggests a large anharmonicity. As shown in Figure 3 ( anions. Therefore, the low κL is a combined effect of strong anharmonic phonon-phonon interactions and small group velocities, stemming from the formation of [Se2] 2− dimers. This answers the question on why Pd2Se3 has a much lower κL than other TMCs, where such dimers do not form.
As already mentioned, in the Pd2Se3 monolayers the Pd
2+
cation has a d 8 electronic configuration and a square planar crystal field, under which d obritals split into four energy levels, dxz/dyz, d z 2 , dxy, and d x 2 +y 2 from low to high energy. On the other hand, the packing of square planar units in the crystal lattice induces a weak interaction between the nearby Pd 2+ cations, separated by 3.06Å, via d z 2 obritals as seen in Figure 4 (c). This interaction switches the energy levels of d z 2 with dxy (see Figure S1 in Supplementary Materials). Note that in the Pd2Se3 monolayers, the d z 2 orbital almost lies along the a-axis. Due to the strong crystal field splitting associated with square planar geometry, the low spin state is always preferred in Pd 2+ . As a result, the four lowenergy levels are occupied by the eight electrons of Pd 2+ (d 8 ) cations, where the d z 2 is the highest occupied orbitals (the top of the valence band). Therefore the Pd2Se3 monolayer is a band insulator, in which the top of the valence band is mainly composed of d z 2 orbital, as seen in Figure 4 (a), and the bottom of the conduction band is largely from d x 2 +y 2 (see Figure S2 ). As the overlap of d z 2 orbital with the px and py orbitals of the nearest anion is negligible, a relatively flat band along the b-axis is expected. As seen in Figure 4 (a) and (b), the valence band maximum along the Γ − Y is relatively flat, affording a high density of states (DOS) near the Fermi level. On the other hand, a proper overlap between Pd 2+ d z 2 orbitals along the a-axis leads to a very dispersive band along the X − Γ direction, indicating a small band effective mass and therefore high carrier mobility. This type of band structure, known as the flat-and-dispersive or "pudding-mold" type band structure, has been found in high-performance bulk TE materials 16 such as NaxCoO2, 14, 15 Bi2PdO4, 12 and some full Heusler compounds. 13, 67 This actually coincides with the idea proposed by Mahan and Sofo 66 that "we have to search for materials where the distribution of energy carriers is as narrow as possible, but with high carrier velocity in the direction of the applied electric field.". A highly dispersive band (small band effective mass) around the Fermi level gives rise to a large σ, while a sharp increase in the density of states owing to the presence of a flat band (large band effective mass) usually leads to a large S. 66 In the case of the Pd2Se3 monolayers, the calculated effective masses (m * ) for holes along the dispersive band is about 0.17 m0 and for the flat band is 9.14 m0, thus a high S and σ are expected along the a-axis.
In Figure 5 , we plot the calculated electronic transport coefficients for hole (p-type) and electron (n-type) doped Pd2Se3 monolayers at varying temperatures. The calculated PF along the a-axis for both p-type and n-type systems, assuming τ = 1 × 10 −14 s and T=300 K, are respectively 1.61 and 1.29 mW/mK 2 . Along the b-axis, while the PF of ntype is large (0.7 mW/mK 2 ), the p-type is quite small (0.1 mW/mK 2 ). Thus, a large PF anisotropy is established with a dominant PF along the a-axis in the p-type Pd2Se3 monolayers. Using the same electronic relaxation time, the maximum PF for MoS2, MoSe2, WSe2, and TiS3 at the same temperature are ≈ 1.8 mW/mK 2 (n-type), 68 0.8 mW/mK 2 (n-type), 28 1.7 mW/mK 2 (n-type) 28 and 1.8 mW/mK 2 (ntype), 43 respectively. The PF of Pd2Se3 monolayers, 1.61 mW/mK 2 (p-type) and 1.21 mW/mK 2 (n-type), is comparable to these TMCs, while its κL is one to two orders of magnitudes lower (see Figure 2) . Therefore, a larger zT for the Pd2Se3 monolayers is expected.
In Figure 5 we calculate the zT at the varying relaxation times within a reasonable range 69 from 5 to 55×10 −15 s. The zT of p-type Pd2Se3 monolayers along the a-axis is about 16% larger than the n-type one. Depending on the relaxation time the calculated n-type zT values vary between 0.15 to ≈ 1. Along b-axis, a large difference between n-and ptype zT values is found. Using the same τ , our calculated zT values are much larger than the previously reported TMCs such as TiS3, 43 MoSe2, WSe2, 28 PtSe2. 29 Our calculations suggest that Pd2Se3 monolayers are promising TE material in both n-type and p-type applications.
In conclusion, we investigated the electronic structure, phonon, and electron and phonon transport properties of the recently synthesized Pd2Se3 monolayers by the means of first-principles calculations and Boltzmann transport theory. Our results demonstrate that the Pd2Se3 monolayers possess a much lower lattice thermal conductivity than other TMC monolayers, e.g., MoS2, MoSe2, WSe2, Ti2Se3. Detailed analysis of third-order force constants indicates that the anharmonicity and soft phonon modes associated with [Se2] 2− dimers are responsible for the low lattice thermal conductivity of Pd2Se3. On the other hand, the "pudding-mold" type band structure, originating from the square-planar coordinated Pd 2+ cation, offers a high power factor. An extremely low lattice thermal conductivity in conjunction with a high power factor leads, of course, to the superior TE performance in the Pd2Se3 monolayer. Our results suggest the Pd2Se3 monolayer is a promising two-dimensional thermoelectric material with a high zT for both hole and electron doping. 
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